We investigated the fine genetic structure of colonies of the ant, Leptothorax acer orum, to examine how queens share parentage (skew) in a social insect with multiple queens (polygyny). Overall, 494 individuals from eight polygynous field colonies were typed at up to seven microsatellite loci each. The first main finding was that surprisingly many sexual progeny (60 % of young queens and 49 % of young males) were not the offspring of the extant queens within their colonies. This implies that a high turnover (brief reproductive lifespan) of queens within colonies could be an important feature of polygyny. The second main result was that in most colonies relatedness among sexual progeny fell significantly below that expected among full siblings, proving that these progeny were produced by more than one singly-mated queen, but that skew in two colonies where the data permitted its calculation was moderate to high. However, relative to a German population, the study population is characterized by low queen-queen relatedness and low skew in female production, which is in line with the predictions of skew theory.
INTRODUCTION
Skew theory provides a powerful means of investigating the evolution of communal breeding in animals (Vehrencamp 1983 ; Reeve & Ratnieks 1993 ; Keller & Reeve 1994) . Skew refers to the sharing of reproduction among breeding individuals within groups. High skew is when one individual dominates reproduction, and low skew is when reproduction is shared evenly. The importance of skew theory, an extension of kin selection (Hamilton 1964) , lies in its generality and in its uniting in a single conceptual framework the influence of ecological, genetic and social factors on social evolution.
Polygynous ants (those having more than one egglaying queen per colony) represent a potentially valuable group from the viewpoint of studying the evolution of the stable skew (Bourke & Franks 1995 ; Keller 1995) . In the leptothoracine ants, polygyny is facultative. That is, populations contain both monogynous colonies (those having a single, egg-laying queen) and polygynous ones (Buschinger 1968) . In the polygynous colonies, theory predicts that skew in the production of sexual progeny should be low. This is because under the weak ecological constraints on solitary colony foundation that are inferred to be associated with facultative polygyny in the leptothoracines, each queen must obtain a relatively high amount of personal reproduction for polygynous societies to remain stable (Reeve & Ratnieks 1993 ; Bourke & Heinze 1994 ; Heinze 1995 ; .
Clearly, to test this prediction requires a knowledge of the fine genetic structure of ant colonies in nature. However, previous studies of skew in polygynous ants have either involved artificially-constituted colonies, or examined skew at the population rather than the colony level, or examined skew in the production of non-reproductive workers only (e.g. Ross 1988 Ross , 1993 Pearson & Raybould 1993 ; Pamilo & Seppa$ 1994 ; Heinze 1995 ; Evans 1996 ; Herbers & Stuart 1996 ; Seppa$ & Walin 1996) . This study describes the results of an investigation of parentage and skew in the sexual production within field colonies of the polygynous ant Leptothorax acer orum.
We investigated within-colony relatedness and the parentage of sexual progeny by analysing polymorphisms in microsatellite DNA (Bruford & Wayne 1993 ; ueller et al. 1993) . Highly variable microsatellite markers represent extremely useful tools for detailed genetic studies of social insects (Evans 1993 (Evans , 1996 Hamaguchi et al. 1993 ; Gertsch et al. 1995 ; Peters et al. 1995 ; Paxton et al. 1996 Paxton et al. ). 1994 . Eggs are laid in spring, and young adults eclose from pupae in summer. Based on laboratory rearing data, workers probably take a few months to one year to develop from egg to adult, males take one year, and queens take from one to two years (Buschinger 1973 (Buschinger , 1990 . Allozyme and mitochondrial DNA studies on the Santon Warren and other northern European populations show that coexisting dealate queens (queens that have shed their wings, i.e. potentially reproductive queens) are usually related, queens mate singly, and inbreeding is absent (Douwes et al. 1987 ; Stille et al. 1991 ; Stille & Stille 1992 ; Heinze 1995 ; Seppa$ et al. 1995) . Reproduction by colony budding (a queen or queens leaves an existing colony with part of the workforce and brood) appears to be common (Stille & Stille 1993 ; Bourke & Heinze 1994) .
Eight L. acer orum colonies were selected from a larger sample of 25 polygynous colonies collected from the field on 17 June 1993 (Chan & Bourke 1994) . The eight selected colonies were those that combined a representative number (3-11) of dealate queens with plentiful sexual production. Any new adults had either not yet eclosed or were still recognizably young due to their pale, ' callow ' coloration. All ants and brood were transferred to laboratory nests and kept at room temperature under a standard feeding and watering regime (Bourke 1991) . Between 24 June and 7 July, samples were taken of the 1993 field sexual production of each colony by removing pupae or adult alates (newly produced queens that have not yet shed their wings, and newly produced males). Up to 20 adult workers were also taken from four colonies. All samples were frozen at k70 mC for DNA extraction. In addition, each colony's total production of sexuals was determined (Chan & Bourke 1994) . Overall, 379 sexuals (134 female and 245 male progeny) were typed at microsatellite loci. These samples represented average per colony fractions of total female and male production of, respectively, 82 % and 81 % (table 1) .
After four months in the laboratory, all dealate queens in the colonies were removed. Their gasters (terminal part of the abdomen) were used for ovarian dissections (Bourke 1991 ; Chan & Bourke 1994) and their heads and alitrunks (thorax and frontal part of the abdomen) were frozen for DNA extraction. Only those queens which the dissections had shown to be mated (to have full sperm receptacles) were included in the genetic analyses (virgin L. acer orum queens are hardly ever reproductive : Douwes et al. 1987 ; Bourke 1991) . The DNA of the male with which each queen had mated (in the sperm in each queen's sperm receptacle) was not typed. In total 38 dealate queens both proved to be mated and were typed. On average, they represented 80 % of all dealate queens present in the colonies on collection (table 1).
(b) Molecular methods
A genomic library was constructed and microsatellite markers were isolated as described by Bruford et al. (1996) . Briefly, DNA was extracted from 150 workers by homogenization in CTAB buffer (Hamaguchi et al. 1993) followed by overnight digestion at 37 mC with 0.32 units of Proteinase K and extraction with an equal volume of phenol\ chloroform. The DNA was precipitated in 100 % ethanol, suspended in 50 µl ultra-pure water and digested to completion with Alu I, Hae III and Rsa I. Fragments between 300 and 500 bp were ligated into pUC18 (MBI) and electrotransformed into XL1 strain competent cells (Stratagene). The genomic library was then screened with radiolabelled poly CA and GA repeat oligonucleotides, and positive clones were identified. Positive recombinant DNA Table 1 . omposition, sampling and effecti e queen number of stud colonies (' Females ' include alate queens plus queen pupae, and ' males ' include newly produced adult males plus male pupae. For the dealate queens column, the figures before each stroke represent the number of queens that were known (from the dissections) to be mated and that were typed at microsatellite loci. The figures after each stroke represent the observed number of dealate queens in the colony on collection. The two sets of figures differ because queens either died or were otherwise lost before dissection or typing (n l 9), or could not be successfully dissected (n l 1), or proved to be virgins (n l 2). For the third and fourth columns, the figures before each stroke represent the number of individuals, of the total produced (shown after the stroke), that were typed at microsatellite loci. The final two columns show the effective queen numbers ( E ) calculated as described in the text using the relatedness data in was isolated and sequenced using standard techniques, and PCR primers were designed. Four markers were selected and combined with three markers previously identified in myrmicine ants by Hamaguchi et al. (1993) and Evans (1993) , giving seven polymorphic loci in total (table 2) . DNA was extracted from individual ants and standard PCR reactions were carried out in 10 µl reaction volumes . Approximately 20 ng of template DNA was used (5-10 % of the total DNA extracted from a single ant). Overall, of the 417 dealate queens, females and males sampled, the number typed at all seven loci was 336, the remainder being typed at 1-6 loci.
(c) Genetic analyses
Standard population genetics parameters were estimated from the data using the programs BIOSYS 1.7 (D. B. Swofford & R. B. Selander, Illinois Natural History Survey) and GENEPOP 1.2 (Raymond & Rousset 1995 ; Paxton et al. 1996) .
Relatedness was calculated using the program RELATED-NESS 4.2 (K. F. Goodnight, Rice University), which estimates regression relatedness values from gene frequency data based on formulae in ueller & Goodnight (1989) . In the case of locus LXA GT1 (table 2), only the 25 most common alleles were used and any less frequent alleles were treated as unknown. RELATEDNESS 4.2 was also used to calculate inbreeding coefficients from the genotypes of, respectively, all dealate queens and all female progeny. The inbreeding coefficients for individual loci were tested for Table 2 . Microsatellite primer sequences for L. acervorum (Primers for LX GT 218 and LX GT 223 were designed by Hamaguchi et al. (1993) for Leptothorax spinosior and primers for MYRT 3 were modified from Evans's (1993) Seppa$ (1992) and .
The effective number of mother queens ( E ) for each colony was calculated using the formulae, E l (3kr DQ )\(4 r F kr DQ ) for female progeny and E l (1kr DQ )\(2 r M kr DQ ) for male progeny, where r DQ , r F and r M are the relatednesses among the dealate queens, female progeny and male progeny, respectively ( ueller 1993 ; Ross 1993 ; . These formulae estimate the minimum number of colony queens that could have contributed to the progeny generation. The assumptions include that skew is zero, queens are singly-mated, mates of coexisting queens within colonies are unrelated, and mother queens belong to the same generation (cf. Herbers & Grieco 1994 ; Heinze 1995 ; Evans 1996 ; Herbers & Stuart 1996 ; Seppa$ et al. 1995 ; Seppa$ & Walin 1996) . In the present case it was also assumed that relatedness among the queens contributing to the progeny equalled the relatedness observed among the extant dealate queens. This may not always have been true because of turnover in the queen population.
Two indices have been proposed for quantifying reproductive skew. The first was devised by H. K. Reeve and L. Keller and equals , where is the observed number of breeding queens and is the sample variance in the proportionate fraction of total offspring produced by each queen (Keller & Vargo 1993 ; Reeve & Ratnieks 1993) . The variance, , was estimated as ( \ E k1)\ ( k1). The second index was proposed by and equals ( k E )\( k1). Both indices measure the discrepancy between the effective queen number and the real queen number, and vary from 0 (no skew) to 1 (maximum skew). Their properties are further discussed by Keller & Perrin (1995) , Keller & Krieger (1996) and .
RESULTS (a) Population genetics
The observed levels of heterozygosity and allelic diversity (table 2) were comparable with those found in previous studies of microsatellite variation in ants (Evans 1993 ; Hamaguchi et al. 1993 ; Gertsch et al. 1995) . No significant linkage disequilibrium within or between loci was detected. The population-average inbreeding coefficients were 0.08 (based on the dealate queen data) and 0.12 (based on the female progeny data) ; no inbreeding coefficient for any locus for either dealate queens (range k0.10-0.32) or for female progeny (range 0.00-0.38) proved to be significantly different from zero, suggesting that mating was random.
(b) Relatedness
The relatedness among coexisting dealate queens measured across the whole population was 0.48 (s.e. 0.08) (n l 38 queens in eight colonies) (table 3). This was significantly higher than the value measured from allozyme analysis in the same population in 1991-1992 (0.26, s.e. l 0.09, n l 154 queens from 19 colonies :
It is unknown whether this difference stemmed from sampling error or from a genuine shift in queen-queen relatedness across years.
In all but two colonies (SD 93 28 and SD 93 45), the within-colony relatedness among dealate queens (table 3) was significantly greater than zero (t-tests). Of the six colonies with significantly related queens, two contained queens that could have been full sisters (SD 93 20 and SD 93 51), whereas the remaining four had queen-queen relatedness values significantly less than 0.75 (table 3). These findings confirmed that dealate queens within L. acer orum colonies are usually related but that queens may coexist with nestmate queens that are not full sisters.
Females (alate queens and queen pupae) were significantly less related than full sisters in five of seven colonies. Similarly, males (adult males and male pupae) were less related than full brothers in four of Table 3 . Relatedness of queens, sexual progen and orkers in L. acervorum colonies ( The observed relatedness values were tested (t-tests) for significant differences from various ' target ' relatedness values (bottom row). For dealate queens, the target value (0.75) was chosen to test the hypothesis that coexisting queens are full sisters. For sexuals alone or workers alone, the target values were chosen to test the hypothesis that progeny within colonies had a mixed maternity. Therefore these values were those that would occur if females were full sisters (0.75), males were full brothers (0.5), females and males were full siblings (0.5) and workers were full sisters (0.75). For relatedness involving workers and sexuals, a target value of zero was chosen to investigate the effects of high queen turnover (see text) on worker-sexual relatedness. Workers were typed at two loci only (LX GT 218 and LX GT 223), except in SD 93 51 where they were typed at a single locus (LX GT 218). Worker-male relatedness in SD 93 51 could not be tested against the target value because all males had the same genotype at LX GT 218. eight colonies, and females and males were less related than full siblings in three of seven colonies (table 3) . Therefore, sexual progeny within colonies frequently derived from more than one singly-mated mother.
Workers also usually had a mixed maternity, since they were significantly less related than full sisters in three of four colonies (table 3) . However, workerworker relatedness was also significantly less than female-female relatedness in three of four colonies (ttests). This finding could have stemmed either from across-generation differences in relatedness among diploid individuals, or from more queens contributing to worker production than to the production of new queens. Workers were significantly related to at least one sex in two of four colonies. In the other 2 colonies in which worker-sexual relatedness was measured, the relatedness between workers and sexuals did not significantly exceed zero (table 3) .
(c) Effective number of queens
For female progeny, the harmonic mean effective number of queens was 2.31 (range 1.43-12.15, n l 7 colonies) (table 1). For male progeny, the corresponding harmonic mean was 1.64 (range 0.59-9.41, n l 8 colonies) (table 1) . ( E values less than one arise if the observed progeny relatedness exceeds the relatedness among full sibs, which would stem from sampling error in measuring relatedness (Seppa$ & Walin 1996) .) The median effective queen numbers were not significantly different (two-tailed MannWhitney U-test, U ),( l 29, p 0.2). However, across colonies there was no significant correlation between the effective number of queens calculated from female and male data respectively (Spearman's r l 0.48, n l 7 colonies, p 0.2). This indicated that, within colonies, either the same number of mothers did not always contribute to both sexes of offspring, or skew among the sexes was unequal.
There was no significant correlation between the effective number of queens and the original number of dealate queens (table 1) (female data : Spearman's r l 0.49, n l 7 colonies, p 0.2 ; male data : Spearman's r l 0.01, n l 8 colonies, p 0.5). This could have resulted from large variation in skew between colonies, but was also consistent with a high turnover among the queens.
(d) Skew indices
Calculating both the Reeve-Keller and PamiloCrozier skew indices assumes that the observed number of queens reflects the number present when the progeny generation was produced (to estimate ). However, results of the present study suggested that queen turnover is high within L. acer orum colonies and consequently that queen number varies widely over time. Therefore, skew indices were only calculated for females in colonies SD 93 20 and SD 93 51, because these represented the only cases in which all progeny could have been offspring of the extant dealate queens (table 4). In both colonies the original number of dealate queens was five (table 1) . In SD 93 20, the Inspection of the genotypes of the female and male sexual progeny showed that a high fraction had one or more loci that lacked any alleles in common with the extant dealate queens within their colonies (table 4) . termed such a phenomenon ' genetic incompatibility '. Incompatible individuals could not have been produced by the extant dealate queens. The median fractions of incompatible offspring were 0.60 for females (range 0-0.86, n l 7 colonies) and 0.49 for males (range 0.09-1.00, n l 8 colonies). These fractions are minimum estimates of the true proportion of offspring not produced by the extant queens, because progeny may have had compatible genotypes but nevertheless not have derived from extant queens, progeny may have been incompatible at loci that were not sampled, and female progeny may have been incompatible with the genotypes of the mates of dealate queens.
The finding that a high fraction of progeny was incompatible did not arise because some dealate queens were not included in the genetic sampling (table 1) . For example, all dealate queens were sampled in colonies SD 93 45 and SD 93 56 (table 1), yet both these colonies contained substantial fractions of incompatible offspring (table 4). Nor was this finding the result of false exclusions due to mis-scorings at single loci. For example, for the nine female offspring in SD 93 56 with no extant mothers, the median number of excluding loci was 2.25 per offspring per excluded dealate queen, and all seven loci were represented among the excluding loci. In addition, there was no evidence that the high fraction of genetically incompatible offspring was an artefact of the presence of ' null ' (non-amplifying) alleles (Callen et al. 1993) . Therefore, the results suggested that colonies often lose their reproductive dealate queens and recruit new ones before the original queens' sexual offspring reach adulthood.
DISCUSSION
This study has two main findings. The first is that there is a very high turnover of reproductive queens within polygynous colonies of L. acer orum, as shown by the fact that many sexual progeny were genetically incompatible with the extant dealate queens within their colonies. A possible explanation for this observation, aside from queen turnover, is that colonies capture brood from unrelated neighbours. However, although some leptothoracines are suspected of such intraspecific brood raiding (e.g. Alloway 1980) , field experiments suggest it is absent in L. acer orum (Dobrzanski 1966) .
Several recent genetic studies have also found evidence of high queen turnover in polygynous ants. This includes genetic incompatibility of worker and sexual offspring Banschbach & Herbers 1996) , low relatedness among workers in monogynous colonies and high relatedness among alate queens in polygynous colonies (Heinze 1995 ; , effective queen numbers exceeding observed queen numbers (Heinze 1995 ; Pedersen & Boomsma 1994 ; Seppa$ & Walin 1996) , and differences in relatedness of separate age groups within colonies (Evans 1996) . The present study confirms and extends these results by detecting high frequencies of genetically incompatible sexual offspring within colonies. Therefore, polygynous ant colonies are much looser in their kin structure than previously believed.
High queen turnover could stem from two causesrelatively brief queen lifespans (Elmes 1980 ; Keller et al. 1989 ; Elmes & Petal 1990 ; Evans 1996) and the frequent departure of queens to form new colonies by budding (Elmes & Petal 1990 ; . In leptothoracines, as in M rmica Evans 1996) , its effects would be exaggerated by the relatively long developmental times of brood . However, the frequency of genetically incompatible male progeny discovered in L. acer orum is particularly striking, given that males take a year to develop from egg to adult (Buschinger 1973) . This suggests that many L. acer orum queens die or leave the colony after just a single year of reproductive life.
The present data suggest that high queen turnover may considerably reduce the relatedness of workers with the sexuals they rear. Specifically, in two colonies with many genetically incompatible sexual progeny, worker-sexual relatedness was indistinguishable from zero (SD 93 28 and SD 93 45), whereas in two colonies with few incompatible sexual progeny it was significantly greater than zero (SD 93 20 and SD 93 51) (tables 3, 4). High queen turnover could therefore call for a reassessment of several evolutionary issues connected with polygyny. These include not only the expected behaviour of workers, but also the effects of polygyny on the life histories of queens and colonies (cf. Evans 1996) .
The second principal finding of this study concerns the maternity of sexual offspring and the level of skew. To begin with, the results demonstrate that coexisting reproductive queens in polygynous L. acer orum colonies genuinely share the parentage of sexuals. This was shown by the relatedness of female and male progeny falling below that for full sibs in many cases, by effective numbers of queens greater than one, and by skew indices less than one. The results further suggest that skew in the production of female progeny in two colonies was moderate to high. This was arguably contrary to expectation. However, it is notable that the two colonies (SD 93 20 and SD 93 51) also had the highest levels of queen-queen relatedness (table 3) . Skew theory predicts a positive association of relatedness among breeders and skew (Reeve & Ratnieks 1993) . But it is hard to generalize from the current findings because of the small sample size. In addition, it is clear that quantifying skew in a species with high queen turnover is difficult .
Despite these problems, the results provide the basis for a between-population test of the skew predictions. found that, in a facultatively polygynous population of L. acer orum in Germany (Reichswald), relatedness among dealate queens within polygynous colonies was high (0.63, s.e. l 0.06, n l 143 individuals from 33 colonies). This value was significantly higher than both the value found by the same authors in the Santon Warren population (0.26) (t-test, t l 5.12, d.f. l 50, p 0.001), and the value found in the present study (0.48) (t l 2.34, d.f. l 39, p 0.05). This comparison would be weakened if queen-queen relatedness varied across years in the Reichswald population : however, no such variation was detected, although annual sample sizes were small (J. Heinze, personal communication). also made the surprising discovery that the population-average relatedness among alate queens in polygynous colonies in the German population (0.66, s.e. l 0.09, n l 145 individuals from 22 colonies) was not significantly lower than that among full sisters. suggested that this resulted from monogynous colonies producing eggs destined to be mainly female sexuals and then adopting new colony queens. Due to long larval developmental times, the result would be polygynous colonies that produced adult female sexuals from a single mother. By contrast, in over half the polygynous colonies in the present study, the female sexuals could not have come from a single mother (table 3) . Consistent with this, relatedness among the female sexuals in the German population was significantly higher than the population-average value from the present study (0.39) (t l 3.20, d.f. l 27, p 0.01). Therefore, the data suggest that in the German ants high queen-queen relatedness is associated with a high skew in female progeny, whereas in the UK ants reduced queenqueen relatedness is associated with reduced skew, as skew theory predicts.
